2013) Numerical simulation of clouds and precipitation depending on different relationships between aerosol and cloud droplet spectral dispersion. Tellus B, 65 ABSTRACT The aerosol effects on clouds and precipitation in deep convective cloud systems are investigated using the Weather Research and Forecast (WRF) model with the Morrison two-moment bulk microphysics scheme. Considering positive or negative relationships between the cloud droplet number concentration (N c ) and spectral dispersion (o), a suite of sensitivity experiments are performed using an initial sounding data of the deep convective cloud system on 31 March 2005 in Beijing under either a maritime ('clean') or continental ('polluted') background.
Introduction
The presence of aerosols has non-negligible impacts on the earthÁatmosphere system, especially on the climate and the hydrological cycle (Ramanathan et al., 2001) . It is well known that atmospheric aerosols have a direct impact on the local and global radiation balance by scattering and absorbing solar and terrestrial radiation. Hydrophilic aerosols, serving as cloud condensation nuclei (CCN) or ice nuclei (IN), can indirectly affect cloud radiative properties (Twomey, 1977) and precipitation processes (Albrecht, 1989) .
Considerable attention has been focused recently on the aerosol effects on surface precipitation owing to the complex physical processes in clouds determined by aerosol characteristics and atmospheric environment factors, including dynamical and thermodynamic properties (Hobbs, 1993) . Whether atmospheric aerosols can increase or decrease surface precipitation has long been a controversial issue in both observations and numerical studies, as recently reviewed by Tao et al. (2012) . On the one hand, *Corresponding author. email: xnxie@ieecas.cn Tellus B 2013 . # 2013 X. Xie et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 3.0 Unported License (http://creativecommons.org/licenses/by-nc/3.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. observations have demonstrated that aerosols from urban and industrial air pollution can decrease cloud droplet size, suppress droplet coalescence and in turn reduce precipitation (Rosenfeld, 1999) . On the other hand, Shepherd and Burian (2003) have claimed that the precipitation enhancement around heavily polluted urban areas was observed. Many previous numerical studies have reported that aerosols from air pollution can both suppress precipitation Cui et al., 2006; Teller and Levin, 2006; van den Heever and Cotton, 2007; Storer et al., 2010; Tao et al., 2012) and enhance precipitation Wang, 2005; Tao et al., 2012) .
Many hypotheses were proposed to determine the effects of aerosols on the surface precipitation. It was shown that physical and chemical properties of aerosols, for example, size distribution, can affect clouds and surface precipitation significantly (Yin et al., 2000; Rudich et al., 2002; Yin et al., 2002; Fan et al., 2007b) . The work by Li et al. (2008) recently showed the non-monotonic responses of the surface precipitation to increasing aerosol particles. With increasing aerosol particles, precipitation increases at lower CCN concentrations, while the precipitation decreases at higher CCN concentrations. These non-monotonic responses of aerosols on precipitation are also found by Lim and Hong (2010) . Some numerical studies indicate that the impact of aerosols on precipitation and convection structure depends on cloud type (Seifert and Beheng, 2006; Khain et al., 2008; van den Heever et al., 2011) and the atmospheric environment factors, including convective available potential energy (CAPE), air humidity and wind shear Fan et al., 2007a; Lynn et al., 2007; Tao et al., 2007; Fan et al., 2009; Storer et al., 2010; Lee, 2011) . Storer et al. (2010) , found that the aerosol indirect effects observed in their study can be changed by different CAPE. Relative humidity, which is one of the important thermodynamic factors, has an important influence on the aerosolÁcloudÁprecipitation system. In air with different relative humidity, the aerosol effects on the surface cumulative precipitation will behave distinctly Lynn et al., 2007; Fan et al., 2007a; Tao et al., 2007; Lee, 2011) . Recently, Fan et al. (2009) showed the importance of the magnitude of the environmental vertical wind shear on the aerosol-induced changes of precipitation, and they pointed out that the vertical wind shear can determine whether aerosols induce precipitation suppression or enhancement.
At the same time, the aerosol indirect effects are considered to be associated with the cloud droplet spectral dispersion o defined as the ratio of standard deviation and mean radius of the cloud droplet size distribution (Liu and Daum, 2002) . This parameter represents the relative dispersion of cloud droplet size distribution. A small value of spectral dispersion indicates a relative narrow size distribution of cloud droplets, whereas a large value shows a good mixture of small and large droplets. A series of theoretical studies have shown that the cloud droplet spectral dispersion has an important influence on the autoconversion parameterisation of the cloud microphysical processes, which can determine the onset of precipitation in warm clouds, and influence the precipitation amount (Liu and Daum, 2004; Liu et al., 2006a; Xie and Liu, 2009 ). Rotstayn and Liu (2005) showed that these autoconversion parameterisation schemes, including o (Liu and Daum, 2004) , derived analytically, without employing the unrealistic assumption of constant collection efficiency of cloud water can also account for the spectral dispersion effects on cloud microphysical properties and surface precipitation. More recently, based on sensitivity studies of various spectral dispersion (o 0 0.1, 0.2, 0.3 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0) in the mesoscale convective systems, Xie and Liu (2011) found that the spectral dispersion significantly affects both the cloud microphysical properties and the surface accumulated precipitation in different aerosol backgrounds. Hence, the cloud droplet spectral dispersion is a key parameter which combines aerosols effect on cloud microphysical properties with the surface precipitation.
Some observational studies show that the cloud droplet spectral dispersion o is not a free parameter, which is closely related to cloud microphysical properties, for example, the cloud droplet number concentration N c (Martin et al., 1994; Grabowski, 1998; Rotstayn and Liu, 2003; Daum et al., 2007) . However, there remains much uncertainty about the present available o (N c relationships. The o (N c relationship is positive reported by Martin et al. (1994) and Rotstayn and Liu (2003) , while a negative relationship is found in the work of Grabowski (1998) and Daum et al. (2007) . It is suggested that the change of cloud droplet spectral dispersion is very complex, which depends on aerosol physical properties, aerosol chemical composition, dynamical process and other environment factors (Khain et al., 2000; Yum and Hudson, 2005; Lu and Seinfeld, 2006; Liu et al., 2006b; Peng et al., 2007) . At present, the cloud droplet spectral dispersion is not considered or is fixed as a constant in most bulk microphysics parameterisations, especially in the autoconversion parameterisations. Although a few works use the autoconversion parameterisation with o (N c relationships in their theories and models, they only consider the o (N c positive relationships (Liu and Daum, 2002; Peng and Lohmann, 2003; Rotstayn and Liu, 2003; Chen and Penner, 2005) . We first couple the different types of o (N c relationships (both positive and negative relationship) into the autoconversion paremeterisation considering spectral dispersion in the Weather Research and Forecast (WRF) model.
In this article, we investigate the impacts of aerosols on clouds and precipitation in a deep convective system on 31 March 2005 in Beijing, using the WRF model with the Morrison two-moment bulk microphysics scheme. This article is organised as follows. The autoconversion parameterisation and the WRF model are presented in Section 2. The results of numerical simulations, including cloud microphysical properties and surface precipitation, are discussed in Section 3. Finally, the conclusion and future work are presented in Section 4.
Model and simulations

Relationships between spectral dispersion and cloud droplet number concentration
Many observational studies indicate that the cloud droplet spectral dispersion o can be described as a function of the cloud droplet number concentration N c (unit: cm (3 ). According to the observations from Martin et al. (1994) , the o (N c relationship has been approximated by Morrison and Grabowski (2007, hereafter, MG07) e ¼ 0:0005714N c þ 0:2714;
(1) their analytical result is from warm stratocumulus clouds with maritime air masses and continental air masses, where o 00.33 for maritime air masses and o 00.43 for continental air masses. Rotstayn and Liu (2003) obtained the following formula from measurements (hereafter RL03) e ¼ 1 À 0:7expðÀ0:003N c Þ;
(2)
where the data were obtained from measurements in polluted and unpolluted marine stratiform and shallow cumulus clouds at a variety of locations. In cloud resolving models, Grabowski (1998) adopted the o (N c relationship as (hereafter GB98)
which is calculated from these two relations about o 00.366 for maritime clouds with N c 050 cm (3 and o 00.146 for continental clouds with N c 02000 cm (3 , as suggested by Simpson and Wiggert (1969) . From aircraft measurements, Daum et al. (2007) gives the following relationship (hereafter DM07)
here, the corresponding data were measured from low altitude marine stratus/stratocumulus clouds over the Eastern Pacific Ocean on 7 d during the month of July 2005. Figure 1 displays these four relationships between the spectral dispersion and the cloud droplet number concentration (MG07, RL03, GB98 and DM07). As shown in Fig. 1, MG07 and RL03 reveal that the spectral dispersion are the increasing functions of the cloud droplet number concentration (the o (N c positive relationship), whereas the decrease of o with N c is revealed in GB98 and DM07 (the o (N c negative relationship). Although these analytical results are mainly obtained from stratocumulus, stratiform or shallow cumulus clouds, we would apply them to a deep convective system to check the importance of o (N c relationships due to the lack of observational evidences from deep convective clouds. It is noted that other observational and modelling studies also show the existences of o (N c positive relationship (Miles et al., 2000; Pawlowska and Brenguier, 2000; Peng and Lohmann, 2003; Pawlowska et al., 2006) and negative relationship (Lu and Seinfeld, 2006; Ma et al., 2010; Chen et al., 2011; Wang et al., 2011) .
In addition, some results have also shown different relationships between o and N c (Brenguier et al., 2011; Zhao et al., 2006) . Zhao et al. (2006) pointed out that the range in the spectral dispersion is large (0.2 to 0.8) when the cloud droplet number concentration is low, and converges towards a narrow range of 0.4 to 0.5 when the cloud number concentration is higher. The analysis shows that there is no detectable relationship between the spectral dispersion and the cloud droplet concentration (Brenguier et al., 2011) . Many studies shows that the change of cloud droplet spectral dispersion is very complex, depending on aerosol physical properties, aerosol chemical composition, dynamical process and other environment factors (Khain et al., 2000; Yum and Hudson, 2005; Lu and Seinfeld, 2006; Liu et al., 2006b; Peng et al., 2007) . For example, Liu et al. (2006b) pointed out that the o (N c relationships is dependent on cloud dynamics, and the variation in cloud updraft can lead to a negative relationship.
The available observations show that there are both positive and negative relationships between the spectral dispersion and the cloud droplet number concentration. However, only numerical models with o (N c positive relationships were tested to evaluate aerosol indirect effects until now (Peng and Lohmann, 2003; Rotstayn and Liu, 2003; Chen and Penner, 2005) . In addition, the Morrison two-moment bulk microphysics scheme also adopted the o (N c positive relationship as MG07 relationship (Morrison and Grabowski, 2007; Morrison et al., 2009 ). Our study couples these two opposite types of o (N c relationships (including MG07, RL03, GB98 and DM07) with autoconversion parameterisations to investigate aerosol indirect effects on clouds and precipitation on a case study of Beijing deep convective clouds.
Parameterisations of autoconversion process and WRF simulations
Autoconversion process of cloud droplets to rain drops is a key microphysical process, which determines the onset of precipitation in warm clouds, and influences the precipitation amount. The autoconversion parameterisation used in our study is written as (Liu and Daum, 2004; Liu et al., 2005 )
where P (g cm (3 s (1 ), P 0 and T represent the autoconversion rate, the rate function and the threshold function, respectively. N c (cm (3 ) and L c (g cm (3 ) represent the total cloud droplet number concentration and the total cloud water content. x c can be written as a formula x c ¼ 9:7 Â 10 À17 N 3=2 c L À2 c . In a previous study (Xie and Liu, 2011) , a similar autoconversion parameterisation was adopted where the cloud droplet spectral dispersion is a fixed constant (o 00.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0). However, in this article, o is parameterised as the function of the cloud droplet number concentration N c , described by the functions eq. (1), (2), (3) and (4). Figure 2 depicts the variation of the autoconversion rate P with N c , showing a decreasing P with increasing N c . The dependence of P on N c illustrates that higher cloud droplet concentration results in a lower autoconversion rate at given liquid water content for all the four o (N c relationships. It is suggested that smaller droplets resulting from higher droplet number concentration (given liquid water content) can suppress the autoconversion processes by increasing colloidal stability (Squires, 1958) .
At the same time, it should be pointed out that there is a significant difference in the autoconversion rate between these two types of o (N c relationships. At lower values of cloud drop number concentration, the autoconversion rates P of all the o (N c relationships are similar, except that of DM07, which is greater owing to its larger spectral dispersion (as shown in Fig. 1 ). However, the autoconversion rates become quite different with an increase in the cloud droplet number concentration. For the o (N c positive relationships (MG07 and RL03), P are much larger than that of the o (N c negative relationships (GB98 and DM07). The negative formulations make the slope of the relationship between autoconversion rate and cloud droplet number concentration much steeper because the decreasing spectral dispersion can enhance the suppressive effect on the autoconversion processes induced by higher cloud droplet number concentration. These results could be responsible for the distinct aerosol-induced changes on precipitation for these two types of the o (N c relationships. In the following section, we have mainly concentrated on analysing the difference in the modelled cloud microphysical properties, cloud dynamic properties, as well as the surface cumulative Dependence of autoconversion rate P on the cloud droplet number concentration for the different o(N c relationships: MG07, RL03, GB98 and DM07 (at given L c 0 1gm (3 ). precipitation between the o (N c positive and negative relationships.
The model used in this study is the WRF model version 2.2, which was released in December 2006. The WRF model is a state-of-the-art mesoscale numerical weather prediction system, which can be suitable for a broad spectrum of applications across scales ranging from metres to thousands of kilometres, and can serve both operational forecasting and atmospheric research needs (Skamarock et al., 2005) . The microphysics scheme used is the Morrison twomoment bulk microphysics scheme version V2.0 (Morrison et al., 2005; Morrison et al., 2009) , which is provided directly by Morrison. Note that this bulk scheme is different from the version in the standard released WRF model in which the cloud droplet number concentration N c is a fixed number (e.g. N c 0250 cm (3 ). The scheme can predict mass mixing ratio and number concentration of five classes, including cloud droplets, rain drops, ice crystals, snow and graupel. The o (N c relationship is described by MG07 relationship (1). Here, we used MG07 (1), RL03 (2), GB98 (3) and DM07 (4) relationships to parameterise the cloud droplet spectral dispersion. Because the autoconversion parameterisation (Khairoutdinov and Kogan, 2000) does not consider spectral dispersion in this two-moment bulk microphysics scheme, the analytical autoconversion parameterisation (5) is used instead of the existing parameterisation.
In the bulk microphysics schemes, the precipitation rate PR (kg m (2 s (1 ) can be represented as
where r air is the density of air (kg m (3 ), q is the water content of precipitation particles and V t is the terminal mass-weighted velocity, which is generally estimated as power functions of the particle size. Hence, the precipitation rate and the precipitation amount are mainly dependent on the water content of precipitation particles and their volume radius. For rain drops, more water content and larger radius can both increase the surface precipitation. This formula can help us to understand the distinct effects of aerosols on precipitation for the different o (N c relationships.
In this article, the WRF model with the Morrison twomoment bulk parameterisation scheme is used to simulate a deep convective cloud system. For simulations of the convective cloud system on 31 March 2005 in Beijing, the thermodynamic conditions used by Xie and Liu (2011) are chosen. Soundings used are presented in Fig. 3 , including the vertical profiles of temperature and dew point, water vapour mixing ratio and horizontal wind velocities. The vertical temperature and dew point profiles reveal a moderate instability in the atmosphere, with a convective available potential energy (CAPE) of 1133 J kg (1 integrated from the surface. The surface temperature is about 318C and the water vapour mixing ratio has a maximum value of 9 g kg (1 (the corresponding relative humidity is about 32%), decreasing continuously with height. Wind shear of U component of wind fields is not strong (about 11 ms (1 calculated by max(U) minus min(U) within 7 km from ground), while the wind shear of V component is very small. Because of the moderate atmosphere instability and wind shear, these clouds did not produce secondary clouds in our simulation.
All the simulations have a domain with 80 km for both the eastÁwest (x) and northÁsouth (y) directions with a 1 km grid spacing. It has the 41 vertical sigma levels, and the top height of the model computational area is 20 km. The time step for integration was 6 s, and the model was integrated for 3 hours, with 5-min output. Periodic boundary conditions were applied on horizontal boundaries. The WRF model was run with a standard set up. Subgrid-scale (TKE) 1.5 turbulence closure was adopted (following Tao et al., 2007; Morrison, 2012 ). The convection was triggered by a temperature pulse of 3 K, decreased exponentially both horizontally and vertically with distance from the triggering location and was similar in all the simulations. In addition, we also performed a suite of sensitivity experiments with small perturbations to the thermal to initiate convection 90.5 K) to make our results more robust in subsection 3.3.
The initial aerosol size distribution was calculated by an empirical formula: N ccn 0C 0 S k (Pruppacher and Klett, 1997) , where S is supersaturation with respect to water. In this study, we adopt C 0 0120 cm (3 and k 00.4 for the maritime ('clean') background, C 0 01000 cm (3 and k 00.5 for the continental ('polluted') background. In these two aerosol backgrounds, we performed the four experiments with the different o (N c relationships, respectively (summarised in Table 1 ).
Model results and discussions
Liquid cloud microphysical properties
In this subsection, we mainly discuss the variations of warm cloud microphysical properties from two aspects: the different aerosol backgrounds (maritime vs. continental) and the distinct types of o (N c relationships (positive vs. negative relationships). The results of liquid cloud microphysical properties with the different o (N c relationships in the maritime and continental backgrounds are all given in Table 2 . This table includes the number concentration and the content of cloud water, rain water, as well as the mean volume radius for cloud droplets and rain drops.
As shown in Table 2 , the liquid cloud microphysical properties can be significantly changed by aerosols. The cloud droplet number concentration and the cloud water content both increase with an increase in aerosol concentrations. At the same time, the mean volume radius of cloud droplets shows a significant decrease with increasing aerosols. This table demonstrates evidence of the first aerosol indirect effect (aerosols can produce clouds containing larger number of smaller cloud drops). The properties of rain drops show a different behaviour with an increase in aerosol concentrations, which is totally opposite to the case of cloud drops. The number concentration and the water content of rain drops decrease with aerosols from the clean background to the polluted background. The enhanced activation of aerosols forms much more cloud droplets with a smaller size, which can hinder the autoconversion processes of cloud droplets to rain drops, as shown in Table 3 for PRC (also see e.g. Wang, 2005) . The rain drop mean volume radius shows an increase with increasing aerosol concentrations. It is suggested that, compared with the autoconversion rate, there is relatively more efficient accretion growth with higher cloud water contents in the polluted backgrounds (see Table 3 for PRA), which eventually results in larger radius of rain drops. Aerosols can increase the rain drop size, which is in general good agreement with previous studies (Cheng et al., 2007; Altaratz et al., 2008; Berg et al., 2008; Li et al., 2008; Li et al., 2009; Lim and Hong, 2010; Storer et al., 2010; Lim et al., 2011; Xie and Liu, 2011) .
The aerosol-induced changing trends of the liquid cloud microphysical properties (including cloud droplets and rain drops) are consistent with these four o (N c relationships, as summarised in Fig. 4 . Increased aerosol concentrations can result in more and smaller cloud droplets with higher cloud water content; they can also lead to fewer and larger rain drops with lower rain water content. These results are consistent with our current understanding about the aerosol indirect effects on cloud microphysical properties (e.g. Li et al., 2008; Li et al., 2009; Lim and Hong 2010; Lim et al. 2011; Xie and Liu 2011) . However, it is worth pointing out that there is a significant difference in the values of the liquid cloud microphysical properties between the o (N c positive and negative relationships, especially in the polluted continental backgrounds. This is due to the fact that, at higher cloud droplet number concentrations induced by increasing aerosols, the evident differences exist in the cloud droplet spectral dispersion (Fig. 1 ) and the autoconversion rates (Fig. 2) for the o (N c positive and negative relationships.
For the above reasons, we have mainly concentrated on analysing the difference in the modelling results between the two types of o (N c relationships in the polluted continental backgrounds. The corresponding values of liquid cloud microphysical properties are similar for the same type of o (N c relationships (see from Table 2), and Figure  5b shows that the cloud water content of the o (N c positive relationship is less than that of the o (N c negative relationship. It is suggested that, for the o (N c positive relationship, larger spectral dispersion represents a higher degree of mixture of small and large cloud droplets, leading to a more efficient autoconversion process, therefore more cloud water can be converted to the rain water. At the same time, the cloud droplet number concentration is enhanced (Fig. 5a ), and the cloud droplet radius is decreased slightly (Table 2) with the o(N c relationships changing from the negative to positive relationships. The number concentration and the water content of rain drops are both decreased significantly in the o(N c negative relationships (see Fig. 5c and 5d ) because the much steeper slope of the autoconversion rate (Fig. 2) leads to lower efficiency of autconversion processes (as shown in Table 3 ). These results may make the change of precipitation induced by aerosols quite different (see the following section for details). In addition, compared with the o(N c negative relationships, the mean volume radius of rain drops is reduced for the o (N c positive relationships (Table 2 ). This suggests that there is relatively a less efficient accretion process because of the existence of lower cloud water contents for the o (N c positive relationships.
Ice cloud microphysical properties and dynamic properties
Some differences also exist among ice cloud microphysical properties of the simulations due to aerosol loading. Table 4 shows the content, including ice, snow water, graupel water and total water content of ice phase in the maritime and continental backgrounds. Ice content in the continental backgrounds is less than that in the maritime backgrounds, suggesting that ice production process is small owing to inefficient immersion freezing of cloud droplets in the continental backgrounds (see Table 3 For PIMMI). Immersion freezing and subsequent anvil cloud formation could be suppressed by the formation of more droplets with a smaller size in the high aerosol concentration condition, which is also indicated by previous studies PRC represents autoconversion rate of cloud droplets to rain; PRA is accretion rate of cloud droplets by rain; PRE is evaporation rate of rain; NPRC1 is autoconversion rate of rain drop number concentration; NSUBR is evaporation rate of rain drop number concentration; NRAGG is rate for self-collection of rain drop number concentration; PIMMI is rate for immersion freezing of cloud water to form cloud ice; PSACWS is rate for accretion of cloud water by snow; PRACG is rate for accretion of rain by graupel. (Li et al., 2008; Lim et al., 2011) . In addition, aerosols may have important effects on mixed-phase or ice-phase cloud properties by serving as ice nuclei (IN) (e.g. van den Heever et al., 2006), but it is noted that the concentration of heterogeneous ice nuclei (IN) does not vary between pristine and polluted conditions in this study. It is clear that the snow water content increases with increasing aerosol concentration on account of more extensive riming at higher cloud water contents induced by aerosols through accretion processes (see Table 3 for PSACWS). On the contrary, the graupel water content decreases with increasing aerosol concentrations, likely because fewer rain drops can be transported and frozen to form graupel through accretion processes in the cold cloud regimes (see Table 3 for PRACG). In addition, the total water content of ice phase is increased with increasing aerosols because of a significant increase in snow water content. Due to the complexity of the ice cloud microphysical processes and the influence of dynamic factors, it is difficult to isolate specific mechanism to explain changes in ice-phase properties with increasing aerosols. With respect to the results for different types of o (N c relationships, we also make comparisons of the ice cloud microphysical properties in the continental backgrounds in Fig. 6 . Similarly to Fig. 5, MG07 represents the results of positive relationships, and GB98 represents the results of negative relationships. It shows that the ice content is not sensitive to the o (N c relationships, as shown in Fig.  6 . As a comparison with the o (N c positive relationships, the snow water content increases and the graupel water content decreases for the o (N c negative relationships, as shown in Fig. 6b and 6c . It is understood that more extensive riming at higher cloud water contents for the o (N c negative relationships forms snow, and fewer rain drops can be transported and frozen in the cold cloud regimes to form graupel (also see Table 3 for PSACWS and PRACG).
For the dynamic properties, Fig. 7 shows the domainmaximum vertical velocity as time in the maritime and continental backgrounds for the four o (N c relationships. The domain-maximum vertical velocity increases rapidly over time, and it reaches its maximum value almost 27 m s (1 for the time at 0.5 hour. Then the value begins to decrease, and it becomes very small at the time after 1.5 hour. Correspondingly, the surface precipitation occurs mainly in the stage during the first 1.5 hour integration time (see Fig. 9 ). To separately analyse the vertical wind over different periods of integration, the averaged domainmaximum vertical velocity and the corresponding relative differences between polluted and clean backgrounds are given over the total integration time ( Table 5 ) and over the first 1.5 hour ( Table 6 ). The averaged domainmaximum vertical velocity over the total integration time is 6.4090.03 m s (1 , while the average value over the first 1.5 hour is 11.2190.06 m s (1 . These results show that the extent of the averaged domain-maximum vertical velocity variation is small for all the cases, including the different aerosol backgrounds and the various o (N c relationships. We also give the average convective mass flux MF c within convective cores (convective cores are defined using a threshold where the vertical velocity is greater than 2 m s (1 ) at 0.5 hour in maritime and continental backgrounds (Fig. 8) . It shows a weakening of the convective mass flux in polluted compared to clean backgrounds by (2.10% for MG07, (2.30% for RL03, (4.21% for GB98 and (5.23% for DM07 (see from Table 7 ). Hence, the Morrison bulk microphysics scheme shows the weaker convection in polluted backgrounds relative to clean backgrounds, likely because of more latent heating for the clean background (Lebo and Seinfeld, 2011; Lebo et al., 2012; Morrison, 2012) .
However, it should be noted that many previous studies demonstrate significant increases in the stronger convection owing to increasing release of latent heat of condensation and freezing associated with the activation and freezing of more cloud droplets with increasing aerosol number concentration van den Heever et al., 2006; van den Heever and Cotton, 2007; Khain et al., 2008; Lebo and Seinfeld, 2011) . In addition, the increased aerosol loadings can lead to invigoration or weakening of secondary convection, as suggested by Khain et al. (2005); Lynn et al. (2005) ; van den Heever and Cotton (2007); Tao et al. (2007) . Because of the moderate atmosphere instability and wind shear in this case study, these clouds did not produce secondary clouds in our simulation. So we do not consider aerosol effects on the convection of secondary clouds in this study. It is also shown that a slight change in the maximum vertical velocities and the average convective mass flux for the different o (N c relationship. Several studies claimed that the slower autoconversion into rain drops of cloud drops leads to stronger convection because of the increased latent heat release above the freezing level (Tao et al., 2007; Rosenfeld et al., 2008) . Nevertheless, 
Accumulated precipitation
Precipitation is the product of many microphysical processes of the classes of hydrometeors in clouds that falls under gravity. Generally, the precipitation amount (or the precipitation rate) can be determined by the two factors: the water content of precipitation particles and the corresponding mean volume radius from eq. (7). With respect to rain drops, more water content can enhance surface precipitation at a given mean volume radius. Similarly, at given water content, larger mean volume radius also shows an increase in the surface precipitation. The distinct effects of aerosols on precipitation for the two types of o (N c relationships can be attributed to these two factors, which will be explained in the following. The temporal evolution of the model-estimated domain average accumulated precipitation in the maritime and continental backgrounds for the different o (N c relationships are shown in Fig. 9a (MG07) , 9b (RL03), 9c (GB98) and 9d (DM07). Fig. 9a and 9b show that the cumulative precipitation in the maritime background is less than that in the continental background. Relative differences in domain-averaged accumulated precipitation between polluted and clean backgrounds is 3.89% for MG07 and 8.83% for RL03 (see Table 8 ). The surface precipitation amount decreases with aerosol concentrations from the clean maritime background to the polluted continental background in Fig. 9c and 9d . Relative differences between polluted and clean backgrounds in precipitation are (3.51% for GB98, and (2.00% for DM07, as shown in Table 8 . These results are consistent with the most recent findings by Morrison (2012) , who pointed out that aerosol impacts on cumulative surface precipitation are small (generally less than 15%).
Hence, one can see that the sign of the surface precipitation response induced by aerosols is dependent on the relationships between the spectral dispersion and the cloud droplet number concentration. When the cloud droplet spectral dispersion is the increasing function of the cloud droplet number concentration (MG07 and RL03), the accumulated total precipitation shows an increase with increasing aerosol concentrations. However, the surface accumulated precipitation is evidently reduced with increasing aerosol concentrations when the spectral dispersion is the decreasing function of the cloud droplet number concentration (including GB98 and DM07). The mechanisms of the precipitation change with increasing aerosols can be stated as following for these two types of o (N c relationships. The surface cumulative precipitation is increased with increasing aerosols for the o (N c positive relationship. This occurs because the precipitable particles (rain drops) are larger in the continental backgrounds, as compared with that in the maritime background (Table 2) , which allows these particles to reach the surface faster, decrease the evaporation of the hydrometeors and ultimately increase the surface precipitation. For the o (N c negative relationships, it shows a decreasing precipitation with an increase in aerosols. It should be pointed that the precipitable particles (rain drops) in the continental backgrounds are also larger, but the rain water content are much smaller than that of the o(N c positive relationships (see Fig. 5d ). In the polluted background with higher cloud droplet number concentrations, the much steeper slope of the autoconversion rate for the o(N c negative relationships decreased the efficiency of the autoconversion processes (Table 3) , substantially reduced the rain water (summarised in Table 2 ) and eventually decreased the surface precipitation.
It is noted that there is a small relative difference of precipitation ( (2.0%) between DM07-m and DM07-c cases (Fig. 9d) , although for DM07, the corresponding cloud droplet spectral dispersion and autoconversion rate at higher cloud droplet number concentrations are much smaller than those at lower concentrations. It is suggested that, in the clean maritime background, the smaller size of rain drops owing to relatively low efficiency of accretion processes causes a decrease in the surface precipitation and reduces the corresponding difference with that in the polluted continental background.
In order to investigate the robustness of the simulated results about the precipitation change induced by aerosols, we performed a suite of sensitivity experiments with small perturbations to the initial conditions (following Lebo et al., 2012 and Morrison, 2012) . We only made the initial perturbation in the potential temperature (u?) within the bubble (90.5 K). Table 9 shows the model-estimated domain average accumulated precipitation from simulations with maximum u? of the thermal to initiate convection of 2.5, 3 and 3.5 K. The results show our results present in this section are robust in a qualitative sense. The small perturbations of the initial thermal only change the magnitude of differences in surface precipitation, but do not affect the sign of these differences. For example, relative difference in precipitation between polluted and clean backgrounds varies from 2.42 to 3.89% for MG07 relationship, and from (3.51 to (5.43% for GB98 relationship.
It is noted that the threshold function T in eq. (5) also can be the Sundqvist-type threshold functions given by Relative differences are calculated by ((W max -c)((W max -m))/ (W max -m))100%. 'm' refers to a maritime concentration of aerosols (i.e. clean background) and 'c' refers to a continental concentration of aerosols (i.e. polluted background). where the parameter m (]0) is introduced as an empirical constant (Liu et al., 2006a) . Hence, we also carried out a few additional tests with different threshold functions, including m02 (Sundqvist et al., 1989) and m0 4 (Del Genio et al., 1996) .
Our results indicate that the surface accumulated precipitation is not sensitive to these different threshold functions, and our above results about the precipitation change induced by aerosols for the different types of o (N c relationships are also true (Figures not shown) .
Conclusions
The WRF model with the Morrison two-moment bulk microphysics scheme was used to investigate aerosol effects on cloud microphysical properties and surface precipitation, Results of this study demonstrate that the variation trends of the microphysical properties especially for liquid clouds induced by aerosols are consistent with these four relationships between the spectral dispersion and the cloud droplet number concentration (as summarised in Fig. 4) . Increased aerosol concentrations result in more and smaller cloud droplets with higher cloud water content; aerosols also lead to fewer and larger rain drops with lower rain water content. These results presented here are in good agreement with our current understanding about the impacts of aerosols on cloud microphysical properties (e.g. Li et al., 2008; Li et al., 2009; Lim and Hong 2010; Lim et al. 2011; Xie and Liu 2011) . On the other hand, it is shown that the sign of the surface precipitation response induced by aerosols is also dependent on the o (N c relationships, which can affect the autoconversion processes from cloud droplets to rain drops. The surface cumulative precipitation is increased by 3.89% and 8.83% with aerosol concentrations from the clean maritime background to the polluted continental background when the cloud droplet spectral dispersion is the increasing function of the cloud droplet number concentration (MG07 and RL03). It is suggested that the large-sized rain drops at high aerosol concentrations enhance the surface precipitation. When the spectral dispersion is the decreasing function of N c , including GB98 and DM07, the surface precipitation is slightly reduced by 3.51 and 2.00%, respectively, with increasing aerosols. The mechanisms that lead to this decreasing precipitation with an increase in aerosols can be stated as follows. Under conditions of a higher aerosol concentration, the smaller spectral dispersion lowered the efficiency of autoconversion processes, reduced the rain water content and eventually caused a decrease in the surface precipitation. The mechanism controlling the surface precipitation response to aerosols here is speculative, there are many other interactions that could be involved (e.g. via the ice phase). In addition, our results presented here are consistent with the latest research findings, which show differences in the surface precipitation between polluted and pristine conditions are small, with relative differences generally less than 15% (Morrison, 2012) . However, it is important to point out that additional simulations with small perturbations to the initial thermal (90.5 K) show that our findings are robust in a qualitative sense. It has been suggested that various environmental parameters, for example, CAPE (Storer et al., 2010) , relative humidity Lynn et al., 2007; Tao et al., 2007; Fan et al., 2007a; Lee, 2011) and vertical wind shear (Fan et al., 2009 ) may influence the aerosol-induced effect on the surface precipitation. However, this study does not focus on the different environmental conditions on aerosolcloud-precipitation interactions. In addition, the variations of CAPE, relative humidity and wind shear may lead to the distinct effect of aerosols on precipitation for the various o (N c relationships.
It is also noteworthy that the cloud droplet spectral dispersion is better parameterised in terms of the specific cloud water content (described as the ratio of the liquid water content to the droplet concentration) than the cloud droplet number concentration in some observational studies (Wood, 2000; Liu et al., 2008; Martins and Silva Dias, 2009 ). It will be interesting to carry out the corresponding numerical experiments with the relationships between the spectral dispersion and the specific cloud water content.
The results presented here indicate the importance of o (N c relationship in the sign of the aerosols-induced precipitation change. However, we do not test which kind of the o (N c relationships (including MG07, RL03, GB98, DM07 or other relationships) can better describe the nature of these convective clouds used here. For any cloud type, Relative differences are calculated by ((Precipitation-c) ( (Precipitation-m))/(Precipitation-m))100%. Abbreviations are as in Table 5 . Relative differences are calculated by ((Precipitation-c) ( (Precipitation-m))/(Precipitation-m) )100%. Abbreviations are as in Table 5. including convective clouds, it is believed that using the insitu aircraft observations for cloud droplet size distribution (Brenguier et al., 2011) and bin model results (Lu and Seinfeld, 2006; Chen et al., 2011) are good ways to derive the accurate o (N c relationships, which may improve the understanding of aerosol-cloud-precipitation interactions.
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